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Zinc absorption in women during pregnancy and lactation:
a longitudinal study1�

Ellen B Fung, Lorrene D Ritchie, Leslie R Woodhouse, Raimund Roehi, and Janet C King

ABSTRACT Zinc is essential for normal fetal growth and

development and for milk production during lactation. The meta-

bolic adjustments made in zinc utilization to meet these needs have

not been described. The purpose of this study was to determine

whether fractional zinc absorption (FZA) is altered during preg-

nancy and lactation and, if so, to determine whether the change is

related to maternal zinc status, specifically, concentrations of zinc

in plasma, erythrocytes, urine, and breast milk and dietary zinc

intake. Thirteen women were studied at five time points: once

preconception; at 8-10, 24-26, and 34-36 wk gestation; and once

while they were lactating 7-9 wk postpartum. Zinc intake in-

creased by 35 p.mol/d (2.3 mg/d) from preconception to 34-36 wk

(P = 0.04); it tended to decrease (P > 0.05) during lactation but

did not return to the preconception level. The amount of zinc in

breast milk averaged 2.0 mg/d at the lactation time point. FZA

measured from urinary enrichments of two stable isotopes of zinc

increased from 14% preconception to 25% during lactation (P =

0.023) but the increase to 19% at 34-36 wk gestation was not

significant. No increase in FZA occurred in four women who took

iron supplements during lactation. FZA was negatively correlated

with plasma zinc concentration at 34-36 wk gestation and with

urinary zinc excretion at all time points. The nearly twofold

increase in zinc absorption during lactation was presumably in

response to the demand for zinc to synthesize breast milk.

Am J Clin Nutr 1997;66:80-8.

KEY WORDS Zinc absorption, dietary zinc, plasma zinc,

breast milk, iron supplementation, pregnancy, lactation, stable

isotopes

INTRODUCTION

Zinc is essential for normal embryogenesis and fetal growth.

Moderate zinc deficiency during pregnancy has adverse effects

on pregnancy outcome in laboratory animals, including altered

gestational length, delivery complications, and intrauterine

growth retardation (1, 2). Some evidence suggests that zinc
deficiency during human pregnancy causes similar complica-

tions (3-5) although findings are inconsistent (6, 7). Zinc is

also important to the growth of the infant postnatally. Mild zinc

deficiency during infancy and early childhood has resulted in

stunted growth, decreased midarm muscle circumference, and

altered taste acuity (8-10).
The average zinc content in breast milk in the first 3 mo of

lactation is 1-2 mg/d. Zinc in breast milk declines with time

postpartum; however, most studies have shown no significant

difference in zinc content in milk from women who consumed

the recommended dietary allowance (RDA) of zinc compared

with women who consumed half that amount (1 1, 12).

In nonpregnant women, the amount of absorbed zinc re-

quired to replace endogenous losses is estimated to be 2.5 mg/d

(13). This amount is thought to increase to 3.2 mg Zn/d in late

pregnancy to support the gain of maternal tissue, amniotic

fluid, and fetal growth (14). The requirement for absorbed zinc

in the first few months of lactation is greater: 4.5 mg/d (14).

The third National Health and Nutrition Examination Survey
found that the average dietary zinc intake of US women aged

20-40 y is 9.6 mg/d (15). Many studies have shown that
women do not alter their zinc intake during pregnancy and the

postpartum period (16-18) and that they consume diets in

which the amount of zinc is below the RDA for pregnancy (15

mg/d) and lactation (19 mg/d) (13). Healthy nonpregnant

women have a great capacity to adjust to varying dietary

intakes of zinc. It is not known, however, how pregnant and

lactating women adjust utilization of zinc to meet their in-

creased needs.

Intestinal zinc absorption is thought to be the main regula-

tory site for zinc homeostasis in humans and laboratory animals

(19). Assessment ofzinc absorption in intestinal segments from

laboratory rats showed an 80% increase in pregnant rats and a

133% increase in lactating rats compared with nonpregnant

control animals (20). No similar change has been observed in

pregnant women (21 , 22); preliminary studies of zinc absorp-

tion in lactating women (23, 24) yielded conflicting results. In

one study in pregnant women and one in lactating women, zinc

absorption was measured in the postabsorptive state and, con-

sequently, absorption in all subjects was uncharacteristically

high (22, 23). A longitudinal study of changes in absorption of

zinc from a meal in women studied from before conception

through lactation has not been done. This study is required to

I From the Departments of Nutritional Sciences, University of California

Berkeley: the California Public Health Foundation, Berkeley; and the
Western Human Nutrition Research Center, San Francisco.

2 Presented in part at the Eighth International Symposium on Trace

Elements in Man and Animals, 1993, and Experimental Biology, 1994.

3 Supported in part by NIH grant 1RO1 DK41732 and Iohnson, Johnson

and Merck, who supplied the prenatal supplements.
4 Address reprint requests to EB Fung, 01/Nutrition Division, 7th Floor,

Children’s Hospital of Philadelphia, 34th and Civic Center Boulevard,

Philadelphia, PA 19104. E-mail: ebfung@pobox.upenn.edu.

Received September 24, 1996.

Accepted for publication February 18, 1997.

 by on A
ugust 6, 2007 

w
w

w
.ajcn.org

D
ow

nloaded from
 

http://www.ajcn.org


ZINC ABSORPTION DURING PREGNANCY AND LACTATION 81

determine whether zinc absorption plays a part in maintaining

zinc homeostasis during reproduction in women.

The primary objective of this research, therefore, was to

determine whether fractional absorption of a stable isotope of

zinc from a standardized meal is altered in well-nourished

women followed from before conception through lactation and,

if so, to determine whether the change in fractional zinc ab-

sorption (FZA) is related to indicators of maternal zinc status,

ie, concentrations of zinc in plasma, erythrocytes, urine, and

breast milk and dietary zinc intake.

SUBJECTS AND METHODS

Study design and subjects

The protocol for the study was approved by the University of

California Berkeley Committee for the Protection of Human

Subjects and all participants gave informed written consent.

Women who were planning a pregnancy were recruited from

the community through newspaper advertisements. An initial

screening was done by telephone to identify women (n = 180)

who met the following criteria: aged 22-40 y, body mass index

(in kg/ni2) of 19-26, nonsmoking, nondiabetic, nonvegetarian,

no drug or alcohol abuse, and no previous obstetric or gyne-

cologic complications. Packets containing additional informa-

tion about the study, a health questionnaire, a 24-h dietary

recall form, and a consent form were sent to 85 women who

met these criteria. If the women were still interested in partic-

ipating after reviewing the material, they returned the question-

naire and a signed consent form. A follow-up meeting was then

scheduled to review the protocol and answer any questions.

Twenty-six women volunteered for the study and returned

signed consent forms; four dropped out for personal reasons

before the first measurement. Another subject was dropped

from the study after the first time point because of poor

compliance. Of the remaining 2 1 women who were assessed at

the first time point, 15 became pregnant; one subject withdrew

after the first-trimester measurement and another miscarried.

Thus, 13 women (1 1 whites and 2 Hispanics) completed the

entire longitudinal study.

All subjects were assessed at five time points: once before

conception; at 8-10, 24-26, and 34-36 wk gestation (first,

second, and third trimesters); and once while lactating at 7-9

wk postpartum. FZA was not measured in the first trimester.

Each measurement period lasted “�‘2 wk. On day 0 of that

period, baseline 24-h urine collections were made. On day 1,

the test day, isotopic zinc was administered and blood and

urine samples were collected. On days 2-1 1 , dietary records

and blood and urine samples were collected. To control for

variations in hormonal concentrations, the prepregnancy mea-

surement was done in the luteal phase of each woman’s men-

strual cycle. The luteal phase was determined by a rise in the

subject’s basal temperature for > 2 d. Day 0 of gestation was

defined as the first day of the last menstrual period.

The subjects were given a zinc-free multivitamin-mineral

supplement to take daily throughout the study in the morning

with breakfast (Stuart formula; Johnson, Johnson & Merck,

Fort Washington, PA). Zinc tablets prepared by the University

of California San Francisco School of Pharmacy (4.0 mg

elemental Zn as zinc sulfate) were taken daily 2 h after dinner

from 2 wk before the preconception measurement through the

last day of the final postpartum measurement. Four of the 13

subjects also took iron supplements at the midday meal that

were prescribed by their physicians. On average, these women

took 103 ± 16 mg elemental Fe/d (1 ± SD) as ferrous sulfate)

during the second and third trimesters of pregnancy and 58 ±

4 mg/d during the postpartum measurement. They also re-

ceived an additional 18 mg elemental Fe/d in the vitamin-

mineral supplement.

On the basis of their educational achievements, the partici-

pants were considered to have a middle to upper socioeco-

nomic status. About two-thirds of the subjects (n 9) had

completed college and one-third (n = 3) had completed some

graduate education. The mean (± SEM) age of the women at

the preconception assessment was 30 ± 0.8 y. The average

weight and BMI were 60.7 ± 2.0 kg and 22.3 ± 0.8, respec-

tively. Three of the 13 had delivered one baby previously; the

remaining 10 were primiparous. The subjects conceived a
mean (± SD) of 2.9 ± 3.0 mo after the preconception mea-

surement. Two women (subjects 1 and 16) were pregnant (< 8

wk gestation), as indicated by positive urine pregnancy tests, at

their scheduled prepregnancy assessment time. Therefore, the

prepregnancy time point for these two subjects was omitted and

data obtained at 57 wk postpartum (subject 1) and 67 wk

postpartum (subject 16) were used in place of their preconcep-

tion data. Subject 1 was still partly lactating (less than two

infant feedings per day) at this later measurement.

None of the women experienced more than minor problems

during their pregnancy; all infants (four females and nine

males) were born full-term and healthy. Mean (± SEM) ges-

tational length, maternal weight gain, and birth weights were

39.5 ± 0.4 wk, 15.6 ± 1.2 kg, and 3.65 ± 0.12 kg,

respectively.

Sample collection and analyses

During the day before each test day (day 0), the women

consumed a standardized diet containing 101 �.amo1 Zn (6.6

mg) and collected a baseline 24-h urine sample in a 4-L

polyethylene jug at home. Subjects were instructed to fast

between 2200 on day 0 and the next morning (day 1), when

they arrived at the metabolic unit in the Department of Nutri-

tional Sciences on the University of California Berkeley cam-

pus. Height and weight were measured and an indwelling

catheter was placed in an antecubital vein from which a fasting

blood sample and all other blood samples were drawn. Blood

samples for plasma analyses were collected into Monovettes

(02.265.100; Sarstedt, Hayward, CA) containing beads coated

with heparin. Hemoglobin and hematocrit were determined in

each fasting blood sample with use of standard techniques.

Blood samples were kept on ice for a maximum of 2 h, then

spun in a clinical centrifuge (International Equipment Co.

Needham Heights, MA) at 1400 X g for 10 mm at room

temperature. Plasma was separated from the red blood cells and

samples were placed into separate polypropylene tubes and

frozen at - 20#{176}Cfor later analysis.

FZA was measured by a dual-stable-isotope method at all

time points except the first trimester (25). A 45.9-j.tmol (3.0-

mg) dose of 68Zn (as zinc chloride) was dissolved into a

nonnutritive beverage (Crystal Lite; Kraft General Foods, Inc.

White Plains, NY) and allowed to equilibrate for 24 h. The
labeled beverage was given with a standardized breakfast (an

English muffin and 24 g peanut butter) at 0800. Breakfast was
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consumed within 15 mm. Twenty-five minutes after the start of

breakfast, 12.2 �.tmol (0.8 mg) 70Zn (as zinc chloride) was

infused into the arm from which blood samples were not

drawn. A pregnancy test was done before administration of the

isotope on the preconception test day. If the subject was preg-

nant, intravenous administration of the isotope was not done.

A second 24-h urine collection was begun on the subject’s

arrival at the metabolic unit on the test day and collection

continued through the first morning void on the next day. First

spot morning urine samples were then collected until the end of

the study, or day 1 1 . All urine samples were weighed and two

aliquots were stored at -20#{176}C: a sample acidified to pH 2.0

with concentrated hydrochloric acid and a nonacidified sample.

Three-day weighed-food-intake records were completed during

the week after each test day.

Isotope preparation

Stable isotopes of zinc were obtained as zinc oxide (Oak

Ridge National Laboratory, Oak Ridge, TN). The oral isotope,

68Zn, was prepared by dissolving the labeled zinc oxide in

0.125 mol HC1IL (Seastar Chemicals Inc, Seattle) and adjusting

the concentration to 3.0 g Zn/L with triply deionized water.

This solution was filtered (Millex-GV 0.22 j.am; Millipore,

Bedford, MA) and stored at 4 #{176}C.For each subject, 1.0 mL of

the 68Zn solution was put into an acid-washed plastic cup and

equilibrated for 24 h with 250 mL Crystal Lite beverage.

The intravenous isotope, 70Zn, was prepared by dissolving

the labeled zinc oxide into concentrated hydrochloric acid

(Seastar Chemicals mc) and adjusting the concentration to

0.15 g Zn/L with triply deionized water. The pH of the final

70Zn solutions ranged from 2 to 5. The solutions were tested for
sterility and pyrogenicity by the University of California San

Francisco School of Pharmacy, divided into aliquots, and

sealed in sterile 6.0-mL vials.

Dietary intake

The subjects weighed and recorded all food and beverage

intake for three complete nonconsecutive days (two weekdays

and one weekend day) by using an electronic balance (model

1042-22; Cole-Parmer Inc, Chicago) that was accurate to the

nearest 0. 1 g. Subjects were given written and oral instructions

to record the brand names of food items, to weigh each food

item separately, and to avoid foods high in zinc (ie, oysters and

zinc-supplemented cereals) during the sample collection pe-

riod. Nutrient intake was estimated from the food records with

use of a computerized nutrient database (NUTRITIONIST III,

version 7.2; N-Squared Computing, Salem, OR) that was mod-

ified to include zinc values for all foods in the database by

using data from Bowes and Church’s (26) and the US Depart-

ment of Agriculture Home Economics Research Report (15).

Measurement of milk output and milk collection

At the lactation time point, the investigator delivered an

electronic balance (model LC34; Sartorius, Dublin, CA) with

an attached baby seat to each subject’s home and set it up for

use. Breast-milk output for a 72-h period was determined by

weighing the infant on the balance before and after each

feeding (27). The balance averages 100 consecutive measure-

ments and is accurate to the nearest 1 .0 g. The average milk

output for a 24-h period was calculated from the 72-h data. All

values were corrected for insensible water loss (28).

After the test weighing procedure (within 1-13 d), milk

samples were collected for zinc analysis from each feeding

during a 24-h period (27). While the infant breast-fed on one

breast, the subject mechanically pumped milk (model 016;

Lactina Breast Pump, McHenry, IL) from the other breast into

a collection cup. When the infant finished feeding or when no

additional milk could be expressed, the subject stopped pump-

ing, mixed the contents of the container cup by inverting it,

transferred 10 mL milk to a labeled polypropylene tube, and

stored the tube in the freezer. This was done for each feeding

in a 24-h period. Milk samples were collected from the sub-

jects’ residences and stored at -20 #{176}C.Breast-milk collections

were done between 43 and 75 d postpartum.

Erythrocyte lysate preparation

After the plasma was removed from the fasting blood sample

obtained on day 1 , red blood cells were washed three times

with equal volumes of ice-cold 0.9% saline and centrifuged at

1400 x g for 15 mm at 4 #{176}C;the supernate was discarded.

After the last wash, 1-2 mL ice-cold triply deionized water was

added to lyse the cells. The lysate was mixed, transferred to a

3.5-niL cryoprecipitation tube, and stored at -20#{176}C until an-

alyzed for zinc and protein concentrations.

Zinc determination

Urine, plasma, and erythrocyte lysate samples were diluted

1:3, 1:8, and 1:20, respectively, with 0.125 mol trace metal-

grade hydrochloric acidlL before zinc analysis by atomic ab-

sorption spectrometry (model 22; Thermal Jarrell Ash, Frank-

lin, MA). Milk samples were converted to ash overnight in a

low-temperature asher (Branson International Plasma Corp.

Hayward, CA), diluted with 0. 1 25 mol HCIIL, and analyzed by

atomic absorption spectrometry. Zinc standards (range: 0.025-

0.3 ppm) were prepared in 0.125 mol HC1/L from a commer-

cially available zinc chloride reference solution (Fisher Scien-

tific, Pittsburgh). A bovine liver standard (batch 1577a;

National Institute of Standards and Technology, Gaithersburg,

MD) was analyzed with each run as an internal quality control.

The CV for the standard averaged 6.5%.

Zinc absorption method

FZA was estimated from the isotopic enrichments of urine

samples collected on days 0, 4, 5, and 6 by using a modification

of the method of Friel et al (25). Ultrapure acids and bases

(Seastar Chemicals Inc) were used in the purification process

and for dilution of the samples before analysis by inductively

coupled plasma-mass spectrometry (ICP-MS). Approxi-

mately 50 mL thawed, acidified urine was centrifuged at 1400

x g for 10 mm at room temperature to remove solids. The pH

of the urine was adjusted to a mean (± SD) of 5.3 ± 0.2 with

3.0 mol NaOH/L and then 70 �aL 8.0 mol NH4C2H1O2/L was

added. Columns were prepared with 2.0 mL Chelex 100 resin

(Bio-Rad Laboratories, Richmond, CA), equilibrated in 2.0
mol HNO1IL, and rinsed three times with triply deionized

water. Columns were converted to the ammonium form by

adding 10 mL 2.0 mol NH4OHIL and rinsing with 30 mL triply

deionized water.

 by on A
ugust 6, 2007 

w
w

w
.ajcn.org

D
ow

nloaded from
 

http://www.ajcn.org


ZINC ABSORPTION DURING PREGNANCY AND LACTATION 83

Because of outlier values for two subjects, the statistical analysis for zinc and iron data were preformed for only 1 1 subjects.

4.5 Significantly different from preconception: � P = 0.04, 5P = 0.03.

The buffered urine was applied to the prepared columns and

macrominerals were eluted with 10 niL 1 .0 mol N1-14C2H3O2/L.

The trace elements were eluted with 15 mL 2.5 mol HNO3IL.

The collected fraction was evaporated to dryness in polytetra-

fluoroethylene beakers, then solubilized in 10 mL 2.5 mol

HCI/L and applied to AG1-X8 columns (Bio-Rad Laboratories)

(1.0 mL) equilibrated in 2.5 mol HCIIL. The resin was rinsed

with 10 mL each of2.5 and 0.5 mol HCIIL, after which the zinc

was eluted off the columns with 0.005 mol HC1/L. The pure

zinc fractions were evaporated to dryness in polytetrafluoro-

ethylene beakers on a hot plate. Nitric acid (0.16 mollL) was

added to each sample to reach a final zinc concentration of 0.5

mgfL. The purified samples were analyzed by ICP-MS to

obtain isotopic enrichments for 68Zn and 70Zn as described

previously (29).

The average values from three spot urine samples collected

on days 4, 5, and 6 were used to determine FZA at each time

point according to the following equation:

FZA(%) = (6tZn � 68NA)/(70Zn - 70NA)

x (70Zn dose/�8Zn dose) X 100 (1)

where 68Zn is 68Zn urinary enrichment, 70Zn is 70Zn urinary

enrichment, 68NA is natural abundance of 68Zn [4.57317 (30)],

70Zn is natural abundance of 70Zn [0.15122 (30)], 68Zn dose is

the dose of 68Zn in �mol given orally and 70Zn dose is the dose

of 7#{176}Znin p.mol given intravenously.

Statistical analysis

Statistical outliers were identified by using Dixon’s test for

outliers (31) and were eliminated from further analysis. Spe-

cific outlying values for the dietary data in Table 1 were a

dietary zinc intake of 17.4 mg in subject 21 at the second-

trimester assessment and a dietary iron intake of 49.0 mg at

preconception and 47.3 mg at the third-trimester assessment in

subject 14. Repeated-measures analysis of variance (ANOVA)

was conducted with one trial factor-time of study-for anal-

ysis of all longitudinal data. Tukey’s Student range test was

used to identify which time points differed by using a proce-

dure-wise error rate of 5%. The relation between the primary

outcome variable (FZA) and other variables was examined

with use of repeated-measures analysis of covariance (AN-

COVA). This tool provided an assessment of the strength of

associations between variables over time. The ANOVA and

repeated-measures ANCOVA calculations were done with the

SPSS program (SPSS Inc. Chicago). Pearson’s correlation co-

efficients were determined with STATVIEW (version 4.01;

Abacus Concepts Inc. Berkeley, CA). Values were considered

significant at P < 0.05; data are presented as means ± SEMs.

RESULTS

The intake of selected nutrients reported by the subjects in

their 3-d weighed-food records is shown in Table I . Energy

intake tended to increase during gestation but the change was

not significant. On average, the women consumed 78 1 kJ more

(187 kcal) at the third-trimester than at the preconception

assessment. Approximately 53% of energy was consumed as

carbohydrate, 32% as fat, and 17% as protein. The source of

energy did not change with stage of reproduction. Dietary fiber

intake varied from 6.7 to 35.9 g/d and did not change with the

study time point.

Total zinc intake (dietary + supplement) averaged 231 ± 4.6

�amoYd (15.1 ± 0.3 mg/d) over the entire study. Dietary zinc

intake increased by 23%, or an average of 35 �.amol Zn/d (2.3

mg/d), from preconception to the third trimester (P = 0.04).

Dietary zinc intake at the lactation measurement did not differ

significantly from that at the preconception or third-trimester

assessment. Because all subjects in the study consumed dairy

products regularly, the average preconception calcium intake

was “27.4 mmol/d (1100 mg/d). Calcium intake increased by

7.5 mniol/d (300 mg/d) from preconception to the third trimes-

ter (P = 0.03). There was a 35% increase in dietary iron by the

third trimester but this trend was not significant. Dietary zinc
intake was significantly correlated (P < 0.05) with protein

intake at preconception (r = 0.648) and with both energy

intake (r = 0.602) and protein intake (r = 0.838) at the

first-trimester measurement. Dietary zinc and calcium were not

correlated at any time point. Dietary zinc and iron were sig-

nificantly correlated (P < 0.05) at preconception, third trimes-

ter, and lactation (r = 0.587, r = 0.761, and r = 0.698,

respectively).

TABLE I

Dietary intake of selected nutrients of the subjects’

Nutrient Preconception

Duration of gestation

7-9 wk Postpartum (lactation)8-10 wk 24-26 wk 34-36 wk

Energy (kJ/d) 8782 ± 449 9047 ± 626 8849 ± 550 9563 ± 651 8563 ± 508

Protein (g/d) 83.9 ± 4.4 88.9 ± 5.0 91.1 ± 5.0 93.7 ± 4.8 93.3 ± 5.7

Carbohydrate (gld) 286 ± 18 284 ± 20 291 ± 20 312 ± 24 233 ± 17

Fat (g/d) 72.1 ± 5.5 78.9 ± 7.2 71.3 ± 6.1 76.1 ± 7.0 74.7 ± 5.8

Fiber (g/d) 20.1 ± 1.5 18.2 ± 2.1 18.2 ± 2.1 22.5 ± 2.0 17.7 ± 1.5

Zinc (mg/d)23 10.0 ± 0.4 10.0 ± 0.7 1 1.3 ± 0.6 12.3 ± 0.9� 1 1.2 ± 0.7

Calcium (mg/d)2 1102 ± 102 1326 ± 58 1247 ± 72 1401 ± 775 1 177 ± 66

Iron (mg/d)2’3 13.7 ± 1.2 15.3 ± 1.2 15.4 ± 1.1 18.5 ± 2.2 14.9 ± 1.1

‘ _I ± SEM: n 1 3. Values were obtained from the average of 3 d of weighed-food records collected by the subjects and do not include intakes from

multivitamin-mineral or zinc supplements.

2 Daily vitamin-mineral supplements provided an additional 4 mg Zn, 160 mg Ca, and 18 mg Fe; intake from supplements is not included in the data

presented.
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Plasma zinc concentration decreased significantly as preg-

nancy progressed and reached a nadir of 9.58 ± 0.32 �.amol/L

at 34-36 wk. Plasma zinc concentrations at the second and

third trimesters were 22% and 25% lower, respectively, than

those at preconception (1 2.74 ± 0.40 �amolIL). Urinary zinc

excretion increased nearly twofold, from 5.66 ± 0.53 to 10.2 ±

I .6 �.amol/24 h by the third trimester (P < 0.05). Urinary zinc

concentration at preconception was not significantly different

from that at lactation (8. 18 ± 1.39 �.amol/24 h).

Of the I 3 women, 9 were breast-feeding exclusively at the

lactation time point. Total milk output averaged 915 g/d (range:

596-1 181 g/d) in those women and was unrelated to week of

lactation, infant weight, or number of feedings per day. Total

zinc output in milk averaged 26.3 �.amoV24 h (1.72 mg/24 h) in

all 1 3 subjects and 33.7 j.�mol/24 h (2.20 mg/24 h) in the 9

women who were breast-feeding exclusively. Milk zinc output

declined with time of lactation because of a decrease in the

concentration of zinc in milk. The concentration of zinc in milk

was unrelated to infant weight or to maternal indexes of zinc

status (ie, plasma, erythrocyte, urinary, or dietary zinc).

FZA increased from 15% before conception to 19% in the

second and third trimesters of pregnancy (Table 2). This in-

crease was not significant. Given our sample size (n = 1 3), an

a of 0.05, and our observed SD, the power to detect a differ-

ence at the third trimester was 0.88. Therefore, our inability to

detect a significant difference in zinc absorption from precon-

ception to the third trimester was not due to an inadequate

sample size. At the lactation time point, FZA averaged 25%

and was significantly greater than it was at the preconception

measurement (P = 0.023).

TABLE 2

Fractional zinc absorption of the subjects’

Subject Preconception

Duration 0 f gestation wk
Postpartum

(lactation)24-26 wk 34-36 wk

01 13.5 16.1 20.7 48.8

04 14.4 12.6 13.5 40.0

05 18.2 22.1 22.1 28.6

07 6.8 7.0 4.1 15.6

12 11.5 13.8 27.4 23.0

13 18.8 31.0 21.7 29.0

14 17.6 35.0 24.7 17.9

152 11.1 9.6 9.7 11.4

16 14.8 14.5 12.4 50.6

172 21.4 26.2 39.7 21.6

18 20.3 21.9 26.9 24.1

202 8.4 21.3 16.9 9.6

212 12.6 14.8 12.8 9.0

-I ± SEM 14.6 ± 1.3 18.9 ± 2.3 19.4 ± 2.6 25.3 ± 393
‘ Calculated from urine samples collected on days 4, 5, and 6.

2 These subjects were taking iron supplements: subject 1 5 took 50 mg

elemental Fe from 8-10 wk of gestation to 7-9 wk postpartum: subjects 17
took 130 mg from 8-10 wk of gestation to 34-36 wk of gestation and 65

mg from 34-36 wk of gestation to 7-9 wk postpartum: 20 took 130 mg

from 24-26 to 34-36 wk of gestation and 50 mg from 34-36 wk of

gestation to 7-9 wk postpartum: 21 took 100 mg from 24-26 to 34-36 wk

of gestation and 50 mg from 34-36 wk of gestation to 7-9 wk postpartum.

All iron was in the form of FeSO4.

3 Significantly different from preconception, P < 0.05.

FZA and plasma zinc concentrations at the third-trimester

measurement were negatively correlated (P < 0.05, r

-0.582). With repeated-measures ANCOVA, FZA was posi-

tively correlated with urinary zinc excretion over the entire

study (P < 0.05). FZA was not correlated with any other

variable studied (ie, dietary zinc, energy or protein intake, milk

zinc output, or erythrocyte zinc concentration).

FZA in the four women who took iron supplements is

compared with that in the nine women who did not take iron

supplements in Figure 1. FZA did not change significantly

during the course of the study in the iron-supplemented group

whereas it increased significantly (P 0.004) in the non-iron-

supplemented group. At the lactation time point, the women in

the non-iron-supplemented group absorbed 3 1 % of the isotopic

tracer whereas those in the iron-supplemented group absorbed

13%. Administration of supplemental iron prevented a fall in

hemoglobin during gestation and supported higher hemoglobin
values at the lactation time point (data not shown). The iron-

supplemented and non-iron-supplemented groups had compa-

rable changes in plasma zinc concentrations during the study

but urinary zinc excretion did not increase during gestation in

the iron-supplemented group whereas it did in the non-iron-

supplemented group (Table 3). Neither breast-milk volume nor

zinc concentrations were affected by iron supplementation

(data not shown).

DISCUSSION

This longitudinal study showed that FZA from a standard-

ized breakfast meal was “75% greater during lactation than

before conception. An upward trend in FZA was also observed

during gestation. Because the amount of zinc excreted in breast

milk during early lactation is about double that deposited in

fetal tissue during late gestation, it is not surprising that the net

change in FZA was greater during lactation than during gesta-

tion. Although a marked increase in FZA was reported previ-

ously in lactating rats (20), this is the first report of an increase

a
0

a-I,

a.� 0

P

FIGURE 1. Mean (± SEM) fractional zinc absorption from preconcep-

Lion to 7-9 wk postpartum (during lactation) in the iron-supplemented

(black bars, n = 4) and non-iron-supplemented (hatched bars, n = 9)

groups. Bars with different letters denote significant differences between

time points (P < 0.05). *Significantly different from one another (P =

0.027).
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TABLE 3

Dietary zinc intake, plasma zinc, and urinary zinc excretion in iron-supplemented (n 4) and non-iron-supplemented (n 9) subjects’

Preconception

Duration o f gestation

7-9 wk Postpartum (lactation)24-26 wk 34-36 wk

Dietary zinc (mg/d)2

Iron supplemented 8.8 ± 0.8 1 1 .6 ± 2.0 12.5 ± 1 .0 1 1 .3 ± 1.4

Non-iron supplemented 10.2 ± 0.4 1 1 .2 ± 0.4 12.4 ± I . l� 1 1 .0 ± 0.6

Total iron supplement (mg/d)4

Iron supplemented 18 1 19 ± 16 1 19 ± 16 63 ± 13

Non-iron supplemented 18 18 18 18

Plasma zinc (p�mol/L)

Iron supplemented 13.1 ± 0.5 10.2 ± 0.8� 10.3 ± 0.6� 12.1 ± 1.0

Non-iron supplemented 12.6 ± 0.7 9.8 ± 0.46 9.3 ± 0.46 13.1 ± 0.7

Urinary zinc (�.tmol/d)

Iron supplemented 6.2 ± 1.5 7.4 ± 2.5 7.5 ± 2.6 6.7 ± 2.7

Non-iron supplemented 5.4 ± 0.5 8.9 ± 1.3 1 1.4 ± I 97 8.8 ± 1.7
‘_t ±

2 Does not include the 4 mg Zn/d taken by the subjects.

4 Iron contained in the multivitamin-mineral supplement plus the ferrous sulfate supplement given by the subject’s physician.

3’7Significantly different from preconception: � P = 0.06, 7P = 0.02.
5.6 Significantly different from preconception and 7-9 wk postpartum: � P = 0.009, � p 0.0001.

in a group of women who were followed from before concep-

tion to lactation.

Several other studies suggested, however, that zinc absorp-
tion increases during lactation in humans. Jackson et al (32)

reported that zinc absorption in a group of low-income, lactat-

ing Brazilian women was high and ranged from 60% to 85%.

This high fractional absorption may have reflected the chron-

ically low zinc intakes of those women (“128 �amoL/d) as well

as the increased demand for zinc during lactation. A recent

cross-sectional study reported in an abstract provided further

evidence that zinc absorption increases during lactation (24).

FZA was 83% higher in six lactating women than in seven

never-pregnant women. It appears, therefore, that an increase

in the intestinal absorption of zinc is one of the mechanisms

used to meet the increased demands for zinc during lactation.

A 30% increase in FZA was observed during the second and

third trimesters. Although not significant, this slight change

suggests that an adjustment in intestinal absorption was one of

the mechanisms used to provide the additional zinc needed for

fetal growth, perhaps preparatory to onset of the lactation

process. It is interesting that FZA was similarly increased in

both the second and third trimesters even though the additional

need for zinc is thought to be “0.6 mg/d in the third trimester

and 0.4 mg/d in the second (33). Zinc intake increased in the

third trimester. Possibly, a further rise in FZA would have

occurred in the third trimester if there had been no increase in

zinc intake. An inverse relation between WA and dietary zinc

intake in a group of nonpregnant women was observed previ-

ously (34). Alternatively, intestinal zinc absorption may be

up-regulated in the second trimester before onset of a period of

more rapid fetal growth that normally occurs in the third

trimester. Calcium absorption was measured in these same

women in a companion study (35). Although the fetal need for

calcium is significantly greater in the third than in the second

trimester (330 mg/d compared with 50 mg/d), calcium absorp-

tion was 49.9% in the second trimester and rose only to 53.8%

in the third trimester.

Studies in laboratory animals showed that zinc absorption

increases during gestation. Davies and Williams (20) used

isolated duodenal loops from pregnant rats to measure zinc

absorption in situ at 12, 15, 18, and 21 d of gestation. The rate

of zinc absorption on day 2 1 was twice that in nonpregnant,

nonlactating rats. This increase could not be explained by an

increase in general absorptive capacity because the absorption

of lysine remained constant. In 1981, Scharz et al (36) con-

firmed these results in studies that used isolated everted intes-

tinal sacs from pregnant rats. Total absorption rose signifi-

cantly in the last third of pregnancy compared with results in

nonpregnant, nonlactating rats. In 1991 , Kalinowski and

Chavez (37) conducted a study of zinc absorption in pregnant

pigs, an animal model that is slightly more representative of

human pregnancy. Two groups of pigs were fed diets with

different amounts of zinc: a low-zinc diet (10 mg Zn/kg) and a
zinc-supplemented diet (50 mg Zn/kg). Zinc absorption was

higher and endogenous zinc excretion was lower in the zinc-

deficient group. There was no control, nonpregnant group for

comparison.

Zinc absorption has also been studied previously in pregnant

women. In a balance study, a group of women in the last

quarter of pregnancy retained � 1 mg Zn/d more than that

retained by nonpregnant women (38). The difference was not

significant. In a cross-sectional study that used a single oral

stable isotope of zinc for estimating zinc absorption, no signif-

icant difference in zinc absorption between pregnant and non-

pregnant women was detected (21). Intraindividual and inter-

individual variation in zinc absorption may have obviated the

differences in zinc absorption in this small (n < 10) cross-

sectional study. A study in our laboratory found that interindi-

vidual variation in zinc absorption in well-nourished, nonpreg-

nant women consuming a constant diet was =25% (39). The

variation was higher-=65%-when the women selected di-

etary intake freely. Fluctuations in dietary factors and an in-

crease in variability in FZA due to individual physiologic
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response may have contributed to the lack of significant

changes in zinc absorption during pregnancy observed here.

We used a dual-isotope method to measure FZA in this

study. This method was first developed to measure calcium

absorption (40) and was adapted for measuring zinc absorption

by Friel et al (25). We compared recently the dual-isotope

method with the fecal monitoring method that was used exten-

sively for measuring zinc absorption in the past (41). Six

nonpregnant, nonlactating women consumed a standardized
breakfast containing 68Zn. After the meal they were given a

bolus of 70Zn infused for 30 mm. FZA from the meal was 33 ±

10%, estimated by the dual-isotope method compared with

38 ± 9% estimated by the fecal monitoring method (r = 0.94,

P < 0.01). These results indicate that the dual-isotope method

correlated well with the fecal monitoring method and has the

advantage of not requiring complete fecal collections. With the

dual-isotope method, FZA can be estimated from plasma, 24-h

urine samples, or spot urine samples. If urine samples are used,

samples must be collected for � 72 h after the oral dose is

taken to ensure complete transport of the oral tracer across the

intestinal mucosal (42). If these procedural conditions are met,

calculations of FZA by using either plasma, 24-h urine sam-

ples, or spot urine samples yield similar results (39).

In this study, FZA was negatively related to plasma zinc

concentrations in the third trimester. Several others reported a

negative relation between plasma zinc and zinc absorption,

suggesting that zinc transport across the mucosal cell is influ-

enced by tissue zinc status (34, 43). Current knowledge sug-

gests that dietary zinc intake, which is often indicative of zinc

status, influences zinc absorption by regulating the intestinal

concentration of metallothionein (44). A relation between FZA

and plasma zinc concentrations during pregnancy was unex-

pected, however, because the usual expansion in maternal

plasma volume causes a drop in plasma zinc concentration. A

25% decline in plasma zinc concentration has been reported by

several groups (16, 45, 46). Possibly, a greater decline in

plasma zinc concentration signals an increase in intestinal zinc

absorption in the presence of a generalized fall in plasma zinc

during gestation. In our study, the woman with the greatest

decline in plasma zinc concentration (39%) absorbed 27% of

zinc whereas the woman with the smallest decline (6.5%)

absorbed 4%. Perhaps this decline in plasma zinc reflects an

increase in fetal need.

FZA was also positively correlated with urinary zinc excre-

tion within subjects across the entire study when a repeated-

measures ANCOVA was used. Because urinary zinc excretion

normally rises during pregnancy, presumably because of an

increase in glomerular filtration rate (47), a relation with FZA

across the entire study was unexpected. Women with increased

rates of zinc absorption apparently excreted more urinary zinc

during gestation than was accounted for by changes in renal

function.

FZA was unrelated to zinc concentrations in breast milk or

total secretion of zinc in breast milk in this study even though

FZA increased significantly during lactation. This suggests that

the concentration of zinc in breast milk is not determined

simply by the amount of zinc absorbed. Others have also

shown that breast milk zinc is independent of plasma zinc

concentration or dietary zinc intake (48). Other body pools of

zinc (ie, liver and bone) are perhaps the source of zinc in breast

milk. It is plausible to assume that women resorb bone during

lactation to accommodate the large calcium requirements of the

growing infant (35). From this mobilized bone, zinc also be-

comes available and may prove to be an important source for

breast milk.

Four of the 1 3 women in this study were prescribed iron

supplements (during pregnancy: 102 ± 16 mg elemental Fe/d;

during lactation: 58 ± 4 mg elemental Fe/d) by their physicians

and the women took these supplements from the second lii-

mester through the lactation assessment time point in the study.

Iron supplementation in this small number of women prevented
an increase in FZA at the lactation time point, although similar

increases in FZA during gestation were observed in the women

in the iron-supplemented and non-iron-supplemented groups. It

is interesting that zinc absorption was affected during lactation

and not in late gestation, when the amount of supplemental iron

was higher.

We hypothesize that this difference in zinc absorption was

related to shifts in iron absorption during gestation. If nonheme

iron and zinc compete for transport proteins into the intestinal

cell (49), then the relative abundance of each ion should affect

absorption. During gestation, when the need for iron is great,

transporters for iron are up-regulated (50) and the uptake of

both zinc and iron is accommodated. During lactation, how-

ever, erythrocyte iron accumulated during gestation is recycled

and intestinal iron absorption is down-regulated. Intake of

supplemental iron during lactation may saturate the more lim-

ited number of carrier sites and depress zinc uptake.

From these data we cannot conclude that the use of supple-
mental iron during lactation reduces measures of zinc status.

Fasting plasma zinc concentrations did not differ significantly

between the women who took iron supplements and those who

did not. Urinary zinc excretion, however, did not rise during

pregnancy in the iron-supplemented group, as it did in the

non-iron-supplemented group, which suggests that less zinc

was available for filtering by the kidney and excretion into the

urine. These findings are preliminary and further investigations

with larger numbers of subjects are warranted to verify the

results.

Dietary intake of zinc increased by 35 p�moVd (2.3 mg/d)

from preconception to the third trimester. This increase may be

explained in part by the increase in consumption of dairy

products. Calcium intake increased 7.49 mmol (300 mg) from

preconception to the third trimester even though the women

were counseled to maintain their usual prepregnancy calcium

intake (35). This increase in calcium intake is equivalent to

adding 240 mL (1 cup) milk or yogurt/d, which contains 15-31

j.amol Zn (1-2 mg).

Average zinc intakes were lower than current recommenda-

tions for pregnancy or lactation (13). Total intake of zinc from

diet and supplements did not meet the RDA in 10 of the 13

subjects (77%) at any of the time points. Yet, as was shown in

previous studies (1 1, 16, 17, 33), there were no clinical signs of

inadequate zinc nutriture, and pregnancy and lactation ap-

peared to be normal. These results support the 1990 recom-

mendation by the Institute of Medicine that 184-214 .amol
Zn/d (12-14 mg) from animal protein-based diets is adequate

to meet the needs of most pregnant women (5 1). Similar

intakes may also be adequate for lactation. Zinc concentrations

in breast milk measured at intervals over the first year post-

partum did not vary with dietary zinc intake even though zinc

intake ranged from 1 1 to 28 mg/d (52). Krebs et al (48)
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suggested that an intake of 13.0-15.6 mg ZnJd is adequate to

meet the increased needs during lactation.

In summary, the well-nourished women in our study met the
additional need for zinc during pregnancy by increasing their

zinc intake and by a 30% increase in zinc absorption that was

not significant. The increase in dietary zinc was due largely to

an increase in intake of dairy foods. FZA increased 75% early

in the lactation period (7-9 wk postpartum), presumably as an

adaptation to the lactation process. We found no such increase

in FZA in the few subjects who took iron supplements during

lactation. These data indicate that mechanisms regulating zinc

homeostasis differ between pregnancy and lactation. A
We thank the women in the study for their dedication and patience and

Mark Hudes for statistical guidance.
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